Cattle (Bos taurus) manure and swine (Sus scrofa) effl uent are applied to cropland to recycle nutrients, build soil quality, and increase crop productivity. Th e objective of this study was to determine the long-term eff ects of land application of cattle manure and swine effl uent using the Kansas Nutrient Utilization Plan on crop yield, yield components, and crop nutrient uptake. Th e study was conducted for 10 yr (1999 through 2008) near Tribune, KS. Th ere were 10 treatments: three levels of cattle manure and swine effl uent (P, N, and 2N), three levels of N fertilizer (N 1 = 56 , N 2 = 112, and N 3 = 168 kg N ha -1 ), and an untreated control. Corn (Zea mays L.) grain and stover yields, yield components, and water use were measured. In all but 2 yr, all treatments signifi cantly increased grain yield compared with the control and the lowest inorganic N rate. Mean corn grain yield over the years from the Cattle N and P, Swine N and P, and inorganic N 2 and N 3 treatments were about 2X, 1.8X, and 1.9X greater than the untreated control, respectively. Grain nutrient content and water productivity were consistently higher for the cattle manure treatments and the inorganic N 2 and N 3 treatments. However, grain yield and nutrient uptake did not diff er among rates of cattle manure and swine effl uent application. We concluded that using the lower application rate based on either N or P from the Kansas Nutrient Utilization Plan was suffi cient to achieve optimal crop yield and water productivity.
In the past six decades, U.S. farm operations, including livestock operations, have become fewer in number but larger in size (EPA, 2013) . Th e number of farm animals (cattle, poultry, and swine) has more than doubled, resulting in an increase in amount of cattle manure and swine effl uent produced (USDA, 2009; Graham and Nachman, 2010) . If these animal by-products (such as manure and effl uent) are properly managed, they can be used as fertilizer and improve soil quality and crop yield (NRC, 1993) .
Th e positive eff ect of cattle manure and swine effl uent applications on crop yield have been studied by many researchers for diff erent crops. Studies comparing manure-treated with unfertilized plots or plots with inorganic fertilizer application reported increased corn yield and N uptake with application of cattle manure and swine effl uent (Jokela, 1992; Eghball and Power, 1999a; Randall et al., 1999; Loecke et al., 2004; Ferguson et al., 2005) . Similar yield increases were reported for other cereal crops (Choudhary et al., 1996; Schmidt et al., 2001) . Yield increases from cattle manure and swine effl uent applications are attributed to supplied nutrients, increased organic matter content, increased water retention, increased infi ltration, and general improvements in soil chemistry and structure (Meek et al., 1982; N'Dayegamiye and Angers, 1990) .
On the other hand, others have reported a decline in crop yield due to high rates of cattle manure and swine effl uent application. High rates of cattle manure were reported to decrease corn grain and silage yield (Mathers and Stewart, 1974; Sutton et al., 1986) . A similar yield decline due to high rates of cattle manure and swine effl uent application was reported for other crops (Mathers and Stewart, 1971; Haynes and Naidu 1998; Sumner 2000; Kumar et al., 2005) . Th ese reported decreases in yield due to higher rates of manure application were attributed to higher salt levels that suppressed germination or damaged seedlings, soil surface crusting, and formation of waxy material that repelled water and decrease soil water absorption.
Th e benefi ts of proper application and possible negative impacts from over-application of cattle manure and swine effl uent, indicated above, suggest the importance of targeted rate of application. A proper rate of manure application requires consideration of the crop requirement, soil test of targeted nutrient, and manure or effl uent nutrient content among other factors (Madison et al., 1995; Eghball and Power, 1999a; Jokela et al., 1999) . Power (1999a, 1999b) also suggest that the rate of application should consider nutrient availability factor of the manure, nutrient leaching vulnerability of soil, and cost of transportation. For example, P-based manure applications rather than N-based applications were recommended in soils vulnerable to P losses in runoff .
States in the Great Plains region rank in the top 10 in cattle and calf population in the United States; for example, Texas, Nebraska, Kansas, and Oklahoma rank fi rst, second, third, and fi ft h, respectively (USDA, 2014) . Swine population in the states of Nebraska, Oklahoma, and Kansas rank in the top 6 through 12. Animal byproducts are routinely applied to cropland to recycle nutrients, build soil quality, and increase crop productivity. The Kansas Department of Agriculture has developed a form to help calculate swine waste (manure and effluent) application rates in the state (USDA NRCS Kansas, 1999); however, recent research studies that compare, evaluate, and determine the effects of cattle manure and swine effluent application on crop yield are limited for Kansas. The objective of this study was to evaluate and determine the long-term effects of land application of cattle manure and swine effluent, applied based on the Kansas Nutrient Utilization Plan, on crop yield, yield components, water use, water productivity, and crop nutrient uptake. Based on the reviewed previous research findings, our hypothesis was that cattle manure and swine effluent applied based on soil test and crop nutrient requirement will improve crop yield and water productivity.
Materials and Methods site, treatments, and experimental design
This study was conducted from 1999 through 2008 at the Kansas State University Southwest Research-Extension Center near Tribune, KS (38°28¢13² N, 101°45¢16² W). The experimental soil was a Ulysses silt loam (fine-silty, mixed, superactive, mesic Aridic Haplustoll). Average initial soil chemical properties were; pH~8, Mehlich-3 P~ 34 mg kg -1 , K ~ 1.1 g kg -1 , total C ~10.2 g kg -1 , and total N ~ 1.1 g kg -1 . The experimental design was a randomized complete block with 10 treatments, which were applied to the same plot area each year with four replications and cropped to corn. The 10 treatments, broadly categorized by nutrient source, were cattle manure (Cattle P, Cattle N, Cattle 2N), swine effluent (Swine P, Swine N, Swine 2N), inorganic N fertilizer (N 1 = 56, N 2 = 112, N 3 = 168 kg N ha -1 ), and a control.
Solid cattle manure (~69% solid) from a commercial beef feedlot and effluent water (~0.8% solid) from a commercial swine facility were the sources of the cattle manure and swine effluent treatments. Manure and effluent samples were sent to Servi-Tech Laboratories (Dodge City, KS) for analysis (Table 1) . Kansas Department of Agriculture Nutrient Utilization Plan Form was developed to regulate land application of manure and effluent from large swine facilities (>1000 animal units). (USDA NRCS Kansas, 1999) . We included cattle manure in our study using the same plan because of the large cattle feeding industry in the region. Based on this plan, P-based fertilizer applications considered estimated available P (assuming 90% of total P would be available) in the manure and effluent and allowed for application of 150% of estimated crop removal (12.5 Mg ha -1 corn grain yield was assumed in this study) as long as soil test P remained below 150 mg kg -1 (Bray-1 or Mehlich-3), land slope was <5%, and average annual rainfall was <559 mm. The allowable P application rate each year was 57 kg P ha -1 .
Cattle manure and swine effluent application rates (Table 2) were established using the previous year's nutrient analysis of applied cattle manure and swine effluents with samples taken at application and analyzed for nutrient content, then actual quantity of applied P was calculated (Table 3 ). The N-based application considered yield goal, estimated crop N removal, and estimated available N in the cattle manure and swine effluent (assuming 100% of inorganic N and 33% of organic N would be available from cattle manure and 75% of inorganic N and 33% of organic N would be available from swine effluent). The Kansas Nutrient Utilization plan specifies credits for residual soil NO 3 -N (0-61-cm depth) and previous manure applications (56 kg N ha -1 credit for applications made in the prior year or 22 kg N ha -1 credit for applications made 2 yr prior) to determine the rate of cattle manure and swine effluent that should be applied. Similar to P-based treatments, the nutrient analysis of manure or effluent from previous years was used to calculate application rates, with samples collected at the time of application and analyzed to determine actual quantity of N applied.
The 2N treatments were double the Swine N or Cattle N treatment and not based on residual soil N. The 2N rates are included to capture the maximum potential yield and other potential positive or negative effects from over-application. Because previous manure application and soil test values were used to determine the amount of manure and effluent applications, rates differed from year to year (Tables 2 and 3) . Treatments were applied in 1999 to provide a history of cattle manure and swine effluent applications along with N applications to the N treatments. For the Swine N treatment, residual soil N levels after harvest in 2001, 2002, 2004, and 2006 were great enough to eliminate the need for additional N in the following years. When no applications were made for the Swine N treatment, no applications were made for the Swine 2N treatment because they were based on the Swine N treatment. The same situation occurred for Cattle N after harvest of 2002, with sufficient residual soil N precluding additional manure applications in 2003. Expected corn grain yield goals were set to 12.5 Mg ha -1 for all years. The highest inorganic N treatment was sufficient to obtain maximum yield based on previous work at this site (Schlegel and Havlin, 1995) .
Swine effluent was flood-applied as part of a pre-plant irrigation each year. The inorganic N fertilizer treatments, cattle manure, and control treatments were irrigated at the same time when swine effluent application was made to balance water addition. All plots (10.0 by 13.7 m) were situated in bermed basins to prevent water flow from plot to plot. Cattle manure and N fertilizer (granular NH 4 NO 3 ) were broadcast-applied before tillage (to incorporate) and pre-plant irrigation. The inorganic N fertilizer treatments received a uniform broadcast application of 24 kg P ha -1 (triple superphosphate) before tillage and pre-plant irrigation starting in 2002 to maintain soil test P levels (data not shown). The actual amount of applied N or P differed from the target amount when the nutrient concentration of the cattle manure and swine effluent in the year of application varied from nutrient concentration in prior years. The entire study area was uniformly irrigated during the growing season, with flood irrigation through 2000 and sprinkler irrigation from 2001 through 2008 (Table 4) .
data collection and analysis
Corn was planted at about 82,000 seeds ha -1 in late April or early May each year in 76 cm rows. Rainfall and irrigation amounts in the growing season were recorded at the experimental site (Table 4 ). Plant and ear populations were determined by counting plants and ears in the center four rows of each plot for a measured length (the ends of the plots were cut perpendicular to row direction with a commercial combine and each plot was measured with ~10 m of four rows harvested). Ear counts were not measured in 2000. The same four rows of each plot were machineharvested. Grain yield was adjusted to 155 g kg -1 moisture content.
Samples of kernels (300 for each plot) were collected and ovendried to determine kernel mass. Kernels per ear were calculated based on kernel mass, ear population, and grain yield. Ears per plant were calculated by dividing ear population by plant population. Whole plants were collected from 1.52 m of two rows (an area of 2.31 m 2 ), and ears were removed, oven-dried, and weighed P requirement  34  9  15  13  20  11  7  14  13  17  N requirement  34  15  25  26  0  22  15  14  22  23  2XN requirement  68  30  50  52  0  44  30  28  44  46  Swine effluent  1999  2000  2001  2002  2003  2004  2005  2006  2007 2008 
Applied available  N   154  153  306  192  192  384  56  112  168  0  2000  71  114  228  420  53  106  56  112  168  0  2001  102  174  348  338  207  414  56  112  168  0  2002  82  162  324  543  0  0  67  135  202  0  2003  126  0  0  385  0  0  67  135  202  0  2004  71  142  284  1239  682  1364  67  135  202  0  2005  49  101  202  747  0  0  67  135  202  0  2006  128  128  256  932  237  474  67  135  202  0  2007  49  82  164  536  0  0  67  135  202  0  2008  133  178  356  487  172  344  67  135  202  0  1999  Applied available  P   196  196  392  19  19  38  0  0  0  0  2000  36  57  114  69  9  18  0  0  0  0  2001  83  143  286  69  42  84  0  0  0  0  2002  51  100  200  45  0  0  24  24  24  0  2003  57  0  0  29  0  0  24  24  24  0  2004  39  78  156  69  38  76  24  24  24  0  2005  39  80  160  61  0  0  24  24  24  0  2006  57  57  114  76  19  38  24  24  24  0  2007  30  51  102  34  0  0  24  24  24  0  2008  58  77  154  32  11  22  24  24  24  0 to determine stover mass; consequently, the stover mass did not include cobs. Samples of grain kernels and stover were analyzed for P and N content at the KSU Plant and Soil Analysis Laboratory. Soil water within the profile was measured gravimetrically near planting and after harvest each year in 30-cm increments to a depth of 240 cm. Seasonal crop water use was calculated by summing soil water depletion (soil water near emergence less soil water after harvest) plus in-season irrigation and precipitation. Crop water productivity (WP) was calculated as the grain yield (kg ha -1 ) divided by seasonal crop water use (mm).
A repeated measure analysis procedure was used because the experiment was a randomized complete block with 10 treatments applied to the same plot area each year with four replications. The procedure used two fixed effects (treatment and year [time] ) with replication as a random effect. Analysis was performed in SAS (SAS Institute, 2011) . The response variables (yield, yield components, uptake of nutrients) against treatments, year, and their interaction were modeled with PROC MIXED in SAS. A type 3 test of fixed effects was conducted for the performance of the model, and effect of the fixed effects and the scale at which treatments should be compared was determined from this analysis. A mean separation test on treatments that showed significant differences at P = 0.05, was conducted using Tukey's Honest Significant Difference (HSD) test.
Yield was also modeled against environment (year), treatment, and their interaction in PROC VARCOMP procedure of SAS to quantify the percentage of the variation in yield explained by these factors. In addition, the total applied N, P, and the resulting grain yield, stover, and nutrient uptake data from 2000 to 2008 were combined together to determine mean N and P application and the resulting mean of the outputs (yield and nutrient removal). The relationship between mean annually applied N and P and resulting mean yield and nutrient removal was plotted. A line that best explains the relationship between the inputs (N and P) with the outputs (grain and stover yield) was fitted.
results
The Type 3 test of fixed effects from modeling yield (grain and stover) and yield components against explanatory variables treatment and year indicated a significant treatment × year interaction for all variables except ears per plant. This result indicated that the comparison between treatments for these variables should be conducted by individual years. On the other hand, only the main effects, that is, treatment and year, were significant for ears per plant; therefore, treatment comparison for this variable was conducted and presented averaged across years.
Similarly, modeling grain and stover nutrient (N and P) removal, grain and stover nutrient concentration, and water use and water productivity against explanatory variables treatment and year indicated a significant treatment × year interaction for all variables except grain P concentration. Therefore, the comparison between treatments for all these variables was conducted for each year.
Yield and Yield components
Except for 2002, when hail caused considerable damage to the study, there were significant differences between treatments for grain yield (Table 5 ). Moderate hail damage also occurred in 2005 and 2008. In 2000, the only difference among the 10 treatments was that Swine N produced greater yields than the control. The other treatments did not differ from Swine N or the control treatment. In 2001, the lowest yields were the control followed by the lowest inorganic N treatment, with no significant difference between them. In the same year (2001), all cattle manure treatments and Swine N produced greater yields than the control and N 1 treatments. The remaining swine and inorganic N treatments yielded better than the control, but yields were not significantly different from the other treatments. In 2003, the control yielded significantly lower than the rest of the treatments, with no yield differences among the other treatments. The control treatment continued to produce the lowest yields for all subsequent years. In 2004, the swine effl uent had a much greater nutrient concentration than in previous years, causing reduced germination and early growth in the Swine 2N treatment and resulting in a severe reduction in grain yield. It was not clear why a similar reduction in yield from the Swine P treatment was not observed since the application rates were similar. Th e yield from Swine 2N was similar to the control treatment. Th e greatest yields in 2004 were from all cattle manure treatments, Swine N, and the two highest inorganic N treatments. Grain yield from Swine P and inorganic N 1 were intermediate between the highest-and lowestyielding treatments. In the remaining years, 2005 to 2008, the control produced the lowest yields, followed by N 1 . Th e cattle manure treatments were always in the highest-yielding group for these years. Swine 2N, N 2 , and N 3 were in the highest-yielding group 3 of the 4 yr, and Swine N and Swine P were in the highest-yielding group 2 of the 4 yr.
Grain yield components show signifi cant diff erences between the control and other treatments. Plant populations diff ered between treatments in 4 out of 9 yr (2002, 2003, 2004, and 2006) (Fig. 1) . In 2002, hail caused considerable damage to the corn and resulted in some plant loss. In 2004, all swine effl uent treatments had lower plant populations because of the damage done by the high salt concentration of the swine effl uent that year. Number of ears per plant was the lowest for the control compared with all other treatments, and there was no treatment × year interaction (data not presented). Th e weight and number of kernels also diff ered among treatments in a similar fashion as grain yield (Fig. 1) . Except for 2002, the control had the lowest kernel weights and number of kernels per ear. As with grain yield, N 1 generally was the next lowest in kernel weight and kernels per ear. No signifi cant diff erences among the other treatments were noted for kernel weight and kernels per ear.
Stover yield tended to follow a trend similar to grain yield (Table 6) . Th e least amount of stover was produced by the control, followed by N 1 , in all years except 2002, when there was no signifi cant diff erence in stover yield among treatments. All cattle manure treatments and Swine P were among the group producing the greatest stover yield in all years. In at least 6 of the 9 yr, Swine N, N 2 , and N 3 treatments were in the highest producing group. 
--------------------------------------------------Mg ha -1 --------------------------------------------------

nutrient (Phosphorus and nitrogen) removal and concentration in Grain and stover
Similar to yield, grain N removal was lowest for the control followed by N 1 , except for 2002 and 2004 (Fig. 2) , in which Swine 2N also had low grain N removal. In general, all cattle manure treatments had the highest grain N removal, but they were not signifi cantly diff erent from Swine P and Inorganic N 2 and N 3 in most years. Stover N removal also was the lowest for the control and N 1 in all years except 2002 (Fig. 3) . Similar to stover yield, separation was good between stover removal of N by treatments in 2004 through 2008. Unlike grain N (Fig. 1) , stover N of swine effl uent treatments, particularly Swine P and Swine 2N, was among the highest, although not signifi cantly diff erent from Cattle 2N. Th e total N removal in grain and stover was 
Phosphorus removal by the grain was lowest in the control treatment (Fig. 2) followed by N 1 in most of the years; however, stover P removal (Fig. 3) by the control treatment was not the lowest. In fact, stover P removal from the control treatment was among the highest, along with Cattle P in most years (2002, 2003, 2005, 2006, and 2007) . Total P removal in grain plus stover in good production years was about 30 to 50 kg P (ha yr) -1 for treatments with the highest removal. Because of the low P removal in grain, the control treatment removed only about 20 kg P (ha yr) -1 .
Grain N concentration was lowest in the control and inorganic N 1 treatments compared with the cattle and swine treatments in all years, particularly the last six (Fig. 4) . On the other hand, there were no significant differences between treatments for grain P concentration for 6 of the 9 yr in the experiment. When there were differences (2004, 2006, 2007) , the lowest P concentration was from N 3 treatment. Similar to N concentration in grain, N concentration in stover was the lowest for the control and N 1 for all years, although Swine P, Swine 2N, and Cattle 2N treatments were the highest in stover N concentration for all years.
Strong and significant relationships were found between applied N and P with grain and stover yields and nutrient removal (Fig. 5) . The relationships between annually applied N and grain or stover yield, averaged across applied P rates, suggested yield increases to an application rate of about 150 kg N ha -1 and remain almost constant after that. Similarly, grain yield and stover yields responded linearly up to application rates of about 40 kg P ha -1 , averaged across N rates, and P was not limiting after that. Nitrogen and P removal by the grain also demonstrated a similar relationship in which 220 kg N ha -1 and 40 kg P ha -1 , respectively, were enough to reach the maximum removal. Stover N and P removal, however, did not show as strong of a relationship as grain N and P with application rates.
water use and crop water Productivity
Analysis of the effects of treatments on corn water use and water productivity indicated that water use was not significantly affected by treatments except in 3 yr (2003, 2004, and 2007) out of the 9 yr. Water use included any amount of water lost to drainage or runoff, although runoff was considered minimal because of berms around individual plots.
Water productivity, kilograms of grain yield produced per millimeter of water used, differed significantly among treatments in all years except 2000 ( Table 7 ). The lowest water productivity was obtained from the control except in 2002. In 3 yr (2001, 2003, 2006) out of 9 yr, there was no significant difference in water productivity among treatments receiving cattle manure, swine effluent, or inorganic fertilizer. In the remaining 4 yr, there were differences between nutrient sources, in that all the cattle manurebased treatments and the N 2 and N 3 treatments consistently had the highest water productivity.
When treatment groups (cattle, swine, inorganic, control) were compared for water productivity, cattle manure was among the highest for all years from 2001 through 2008 and the control was the lowest (Table 7) . No differences were detected between the swine effluent and inorganic treatment groups except for 2 yr. Averaged across years, the cattle manure group demonstrated water productivity [13.9 kg (mm ha) -1 ] more than double that of the control plots [6.9 kg (mm ha) -1 ].
discussion
In general, application of all rates of cattle manure or swine effluent increased grain yield except in 2004, when applied swine effluent application rates were much greater than target rates. In all Table 7 . Multiple comparisons of the 10 treatments for water productivity for each year and the overall mean. experimental years, yields from the cattle manure application were among the top group. In most years, grain yield of corn did not differ among cattle manure and swine effluent-treated plots and plots that received inorganic fertilizer above 67 kg N ha -1 despite input rate differences. This result indicates the need for fertilizer, but the rate of increase in corn yield decreases as the amount of fertilizer increases. This result agrees with previous reports that cattle manure and swine effluent applications increased corn yield when compared to a control (Jokela, 1992; Randall et al., 1999; Loecke et al., 2004; Ferguson et al., 2005) but that the rate of increase in grain yield decreased as application of cattle manure and swine effluent increased (Mathers and Stewart, 1974; Sutton et al., 1986) .
Year-to-year yield variations were notable in this experiment. One significant impact was noted in 2002, when yields were reduced by hail damage. In fact, PROC VARCOMP analysis of our data showed that year (environment) alone was responsible for about 45% of the variation in yield in this experiment, and the interaction between year and treatment was responsible for another 16%. Treatment variation was responsible for about 27% of the variation in yield. The significant effect of environment on crop yield noted here agrees with other reports (Assefa et al., 2014) .
Among yield components, plant population seems to be affected more by environment than by treatments, with the exception of 2004 and the Swine 2N treatment. In this 1 yr, over-application of swine effluent reduced grain yield by decreasing germination and final plant population. This agrees with other reports of high rates of cattle manure and swine effluent causing salinity problems and suppressing plant germination (Haynes and Naidu, 1998; Sumner, 2000) . Other yield components, that is, kernel weight, kernels per ear, and ears per plant, were consistently lower for the control and the lowest inorganic N fertilizer rate, indicating that the impact of treatment on yield occurs mainly as a result of changes in these yield components.
Luxury consumption by the plant did not seem to significantly affect allocation of N to grain, but it affected N content in the stover. The nutrient content of grain was affected when N was limiting for production, such as in the control and the lowest N application rate. This result may have great implications for nutritional value.
Our results indicated that cattle manure application increased water productivity in most of the years compared to other treatments. The significant contribution of application of manure to increased water productivity of corn has also been in agreement with other reports (Uzoma et al., 2011; Wang et al., 2013) . Increased water productivity in the manure treatment observed here in and other research reports is due to increased supply of nutrient and improved soil properties that are crucial to higher crop root growth and increased productivity (Schjonning et al., 1994; Clark et al., 1998; Schlegel et al., 2015) .
conclusions Swine effluent and particularly cattle manure applications resulted in yields that were significantly higher than the control and similar to those obtained with inorganic fertilizer when applied to meet or exceed N and P removal rates. Doubling the amount of cattle manure and swine effluent application to twice the N removal rate did not continue to increase or negatively affect yield. Allocation of P and N to grain and water productivity were both greater for the manure-fertilized plots and similar to the inorganic fertilizer plots that received N to meet the expected optimal N rate. Our results demonstrate the beneficial effects of cattle manure and swine effluent application on plant yield, grain nutrient composition, and water productivity perhaps due to improved soil physicochemical properties (Schlegel et al., 2015) . In conclusion, this research shows application of cattle manure and swine effluent based on the lower of N and P requirement of corn, calculated using the Kansas Nutrient Utilization Plan, was sufficient for improving grain yield. 
